Infections with bacteria producing shiga toxin are responsible for widespread disease and for the death of a large number of people. In the present study, we have developed a rapid method of high specificity for the detection of Shigella dysenteriae by combining immuno-capture of the bacteria and polymerase chain reaction (PCR) amplification of their toxin gene. We compared the sensitivity of our new method, referred to as immuno-capture toxin gene PCR (iTGPCR), with a conventional TGPCR (cTGPCR) method in detecting S. dysenteriae. Approximately 100 colony forming units (CFU) of bacteria in a volume of 400 Wl were divided into 20 tubes with 5 CFU (20 Wl). One group of 10 tubes was analyzed by iTGPCR and the other by cTGPCR amplification. All were positive in the 10 tubes using iTGPCR but, in contrast, only half were positive in the 10 tubes with the cTGPCR method. This method was used to detect S. dysenteriae type I in sewage samples without the normal tedious preparation methods. These findings suggest that iTGPCR gives enhanced test sensitivity, and allows determination of pathogen serotype, and differentiation of toxin-producing strains from non toxin-producing strains. ß
Introduction
Dysentery caused by Shigella is a public health problem in many regions of the world [1] , and is very signi¢cant in the developing countries. As with most disease problems, swift and accurate diagnosis of the causal agent is vital. However, in the case of Shigella, the identi¢cation by serological and biochemical methods is sometimes time-consuming and di⁄cult to achieve.
DNA genotyping methods have been increasingly used for bacterial characterization. The most commonly used techniques remain analysis by restriction fragment length polymorphism [2] , single-stranded conformational polymorphism [3] , randomly ampli¢ed polymorphic DNA [4] , pulse ¢eld electrophoresis [5] and ribotyping [6] . However, these techniques are laborious, expensive and not suitable for studying a large number of bacterial strains [7] . Furthermore, these methods are unable to characterize the type and the virulence of bacteria simultaneously. Shiga toxin, produced by Shigella dysenteriae, increases the severity of disease caused by this bacterium. Infections with bacteria producing shiga toxin are responsible for widespread disease and for the death of large numbers of people [8] . The properties of shiga toxin as well as its interaction with cells are being increasingly understood [9] , but current toxin detection methods have limitations. Conventional methods of toxin detection include the rabbit ileal loop method and Chinese hamster ovary cell assays, but these are time-consuming and not sensitive enough for microdetermination. More recently, several polymerase chain reaction (PCR)-based methods for the detection of bacterial toxin genes have been described [10^12] . These methods are relatively sensitive and speci¢city can be achieved by choosing toxin-speci¢c primers for PCR with con¢rmation by subsequent restriction enzyme analysis. However, like conventional serological and biochemical methods, they cannot di¡erentiate serotypes and toxin production by bacteria simultaneously. Di¡erent types of bacteria have been reported to express the same or similar toxins [13] . Shiga-like toxins secreted by certain strains of Escherichia coli (shiga toxin-producing E. coli) are almost identical to shiga toxin, but the shiga-like toxin does not have the same e¡ect on cells as shiga toxin. Stepwise procedures were designed for the detection of both toxin and toxin-producing bacteria, but these are usually timeconsuming. It is necessary, therefore, to develop a rapid method for identifying both bacteria and their toxins simultaneously for clinical treatment and epidemiological investigation.
In a previous study, hepatitis C virus bound with di¡er-ent Ig isotypes of antibody was identi¢ed by an immunocapture reverse transcription PCR [14] . We have also developed a rapid method of high speci¢city for the detection of Shigella species and Aeromonas hydrophila by combining immuno-capture of bacteria with universal primer PCR (iUPPCR) [15, 16] . The present paper describes an immuno-capture toxin gene PCR (iTGPCR) for the simultaneous characterization of the serotype and the virulence of S. dysenteriae.
Materials and methods

Bacterial strains
A total of 10 strains were used. S. dysenteriae I, S. sonnei, S. £exneri 4 and S. boydii 16 were purchased from the Public Health Station of Jiangxi Province, China. S. £exneri 1a, 2a, 2b, 3a, 5, Y were purchased from the Public Health Station of Fujian Province, China. Bacteria were inoculated into Luria^Bertani medium and incubated overnight at 37 ‡C on a rotary shaker.
Immuno-capture procedures
Monoclonal antibodies type-speci¢c for S. dysenteriae I, S. sonnei, S. £exneri 1a, 2a, 2b, 3a, 4, 5, Y and S. boydii 16 were puri¢ed from diagnostic antisera (Lanzhou Bioproduct Institute) using ammonium sulfate fractionation and used as coating antibodies after dilution to a protein concentration of 10 Wg ml 31 with 0.1 M sodium carbonate bu¡er (pH 9.6). The coated plates were incubated overnight at 4 ‡C and washed three times with PBS-T (0.01 M phosphate-bu¡ered saline pH 7.4, 0.05% Tween 20) prior to blocking with 10% bovine serum at 37 ‡C for 1 h. Overnight-cultured bacterial suspension (20 Wl) was added to the microplate wells. The plates were incubated at 37 ‡C for 1 h and washed ¢ve times with PBS-T, for 3 min each time. Then, 20 Wl of double-distilled water was added to every well and the plate incubated at 100 ‡C for 10 min for PCR template preparation.
Template preparation for conventional TGPCR (cTGPCR)
Tubes with 20 Wl double-distilled water each were incubated in a boiling water bath for 10 min for extraction of bacterial DNA. After cooling to 4 ‡C for 5 min, supernatants were centrifuged for 10 min at 12000Ug before being used as the PCR template.
PCR
A set of primers (forward : 5P-GACAGGATTTGTTA-ACAGG-3P, reverse: 5P-TTCCAGTTACACAATCAGG-C-3P) speci¢c for the shiga toxin gene were used for PCR. The forward and reverse primers bind at positions 1766 and 2505, respectively, of the published shiga toxin gene sequence (accession number AJ271153) and produce a PCR product of 740 bp.
PCR was performed in the following reaction mixture : 1UPCR bu¡er, 3 mM MgCl 2 , 0.2 mM each dNTP, 0.5 WM each primer, 18.4 Wl template DNA and 1 U Taq polymerase in a ¢nal volume of 25 Wl. PCR was carried out in a Biometra Thermocycler with a heated lid for 30 cycles of 94 ‡C for 1 min, 55 ‡C for 2 min and 72 ‡C for 2 min. PCR samples were electrophoresed in a 1% agarose gel containing 0.5 Wg ml 31 ethidium bromide and visualized on an ultraviolet transilluminator. PCR products were identi¢ed by their size of 740 bp compared to double-stranded DNA molecular mass markers (100-bp ladder, Sangon).
Restriction enzyme digestion
PCR product (10 Wl) was subjected to restriction endonuclease digestion for 4 h at 37 ‡C with 5 units of HindIII (Ferment) in a total volume of 20 Wl in the appropriate bu¡er. Resulting DNA fragments were subjected to electrophoresis on a 1% agarose gel containing 0.5 Wg ml 31 ethidium bromide and visualized on an ultraviolet transilluminator. Restriction fragments were sized relative to double-stranded DNA molecular mass markers (100-bp ladder, Sangon).
Statistical analysis
Di¡erences between groups were tested for signi¢cance using the M 2 test with Yates's continuity correction for small numbers, and two signi¢cance levels (0.05 and 0.01) were used.
Results
Detection of cultured Shigella spp. samples and analysis of restriction enzyme digestion
Shigella spp. including S. dysenteriae I, S. sonnei, S. boydii 16, S. £exneri 1a, 2a, 2b, 3a, 4, 5 and Y were analyzed by iTGPCR. Only S. dysenteriae type I gave a 740-bp product, which is consistent with the expected size, and products were not observed from other Shigella samples (Fig. 1) .
To con¢rm that the observed product was the expected portion of the shiga toxin gene, the iTGPCR product obtained was subjected to restriction endonuclease analysis. HindIII was chosen for its distinguishable resulting fragments, producing fragments of 267 bp and 473 bp (Fig. 1). 
Neutralization test to test the speci¢city of iTGPCR
The speci¢city of iTGPCR was tested in a neutralization test. S. dysenteriae samples (10 Wl) were preincubated separately with 10 Wl of 50 Wg ml 31 , 100 Wg ml 31 and 200 Wg ml 31 monoclonal antibody at 37 ‡C for 1 h before addition to the coated microplate wells. The result showed that no PCR product was detected (data not shown) and indicated that the bacteria reacted speci¢cally with the monoclonal antibody.
Sensitivity of the iTGPCR method
To determine the sensitivity of the iTGPCR method, serial dilutions of the S. dysenteriae culture were used in the assay. The bacterial concentration in the original overnight culture was determined using a hemocytometer with con¢rmation by plate culture, and diluted in 0.85% NaCl solution to provide suspensions of 10 3 , 10 2 , 10, 5, 2 and 1 colony forming units (CFU) per 20 Wl. The samples were added to microplate wells coated with anti-shigella antibody preparations. Following identical incubation and washing steps, samples were subjected to PCR as described above. The results indicated that 5 CFU bacteria could be reliably detected by iTGPCR (Fig. 2) . In all positive samples a direct correlation was obtained between the quantity of the PCR product and the number of bacteria in the sample (Fig. 2) . The 740-bp band in the agarose gel showed a proportionate increase in signal strength from the 5 CFU to 10 3 CFU samples. To compare the sensitivity of iTGPCR with cTGPCR, a bacterial suspension was diluted to 50 CFU per 200 Wl distilled water. In iTGPCR, 200 Wl of this sample was applied to 10 wells (20 Wl per well) whilst in cTGPCR, the extracted DNA was divided into 10 aliquots as the PCR template. The result showed that all samples were positive by iTGPCR but only half of the samples were detected with the cTGPCR method. The di¡erence in detection sensitivity between iTGPCR and cTGPCR was signi¢cant (P = 0.033).
Detection of Shigella spp. in sewage samples
The usefulness of the method was demonstrated when it was used to identify Shigella spp. in sewage samples collected from sewers near hospitals and residential areas. Of 35 natural sewage samples, 23 gave a positive reactions using iUPPCR, in which two tubes were shown to be S. dysenteriae I [16] . Only the two strains of S. dysenteriae I gave positive reactions in the 35 samples by iTGPCR. Bacteria secreting shiga toxin have been found in many di¡erent materials such as milk, vegetables, feces and sewage [17^19]. Therefore, iTGPCR could be applied to detect Shigella spp. in these samples without any special preparation steps.
Discussion
Shigella is a well-known genus of the Enterobacteriaceae family and based on phenotypic characteristics, four species are recognized: S. dysenteriae, S. £exneri, S. boydii and S. sonnei. With the exception of S. sonnei, all other Shigella spp. comprise several serotypes. Some of the S. £exneri serotypes have shared antigens, which is one reason for their inclusion in a single species [20] . However, this may increase the complexity for identi¢cation of Shigella spp. using polyclonal antibodies. The speci¢city of iTGPCR is guaranteed by use of a monoclonal antibody as well as a set of speci¢c PCR primers. The iTGPCR in this study combined the speci¢city of immuno-capture for S. dysenteriae with speci¢c DNA ampli¢cation of the shiga toxin gene so that only shiga toxinproducing bacteria gave positive reactions in the PCR. No PCR products were observed when several other non-producing organisms were tested. The iTGPCR produced the expected 740-bp ampli¢cation product, and its nucleotide sequence was con¢rmed by restriction endonuclease digestion.
The high sensitivity of the iTGPCR occurs partly because samples were processed by a⁄nity enrichment with speci¢c monoclonal antibodies which e¡ectively removes PCR inhibitors [14] . In our study, the iTGPCR was able to detect as few as 5 CFU S. dysenteriae from cultured samples.
In recent years, the development of PCR-based tests for detection of pathogenic bacteria has become increasingly common. However, for routine use these tests have not been convenient for a number of reasons, the most important being the requirement for nucleic acid extraction and the need to remove inhibitors of PCR from the samples. This make such methods more complex and less reliable. To overcome these problems, immuno-capture has been combined with the technical advantages of PCR [14, 15] . iTGPCR has great potential use for monitoring environmental samples for the presence of shiga toxin-producing bacteria. Current biochemical assays require a large number of bacteria, which limits their usefulness for environmental samples; although cTGPCR might be sensitive enough for such assays, it cannot characterize the type of bacterium and di¡erentiate toxin-producing strains from non-producing strains at the same time. The iTGPCR method described here is certainly a promising technique in these respects.
In conclusion, by combining immuno-capture with PCR speci¢c for the shiga toxin gene, we have developed a new method for the detection of shiga toxin-producing bacteria in both arti¢cial and natural samples. The method described represents a sensitive, convenient and rapid way to identify shiga toxin-producing bacteria. As demonstrated, the iTGPCR is capable of speci¢c detection of S. dysenteriae carrying the shiga toxin gene and can detect as few as 5 CFU bacteria. It is hoped that this speci¢c, sensitive and practicable iTGPCR will facilitate the routine detection of shiga toxin-producing bacteria.
